In a previous experiment, it was demonstrated that a wide marginal defect around an implant can heal with a high degree of osseointegration. The present experiment was performed to evaluate the degree and quality of de novo bone formation and osseointegration in marginal defects adjacent to submerged titanium implants. All mandibular premolars and 1st molars were extracted in four Labrador dogs. Four experimental sites were identified in the right side of the mandible. In two sites, custommade implants with a sandblasted, large grit, acid-etched (SLA) surface were installed without further ostectomy (control sites). In the two remaining sites (test sites), a specially designed step drill was used to widen the marginal 5 mm of the canal. A barrier membrane was used to cover the implants in the defect sites. All implants were submerged. One month later, an identical procedure, including site preparation and implant installation, was performed in the left side of the mandible. Two months following the first implant installation procedure, biopsies were collected and prepared for sectioning. Ostectomy and implant installation in the control location resulted in a series of bone tissue alterations which eventually allowed newly formed bone to establish contact with the SLA surface. The marginal defect lateral to the implant in the test locations gradually became filled with newly formed bone. De novo bone formation started within the walls of the surgically prepared defect. Bone-to-implant contact was first established in the apical portion of the gap. This new bone tissue was in the coronal direction continuous with a dense, non-mineralized 'implant attached' soft tissue which, over time, also became mineralized to increase the height of the zone of bone-toimplant contact. The results suggest that healing of a wide marginal defect around an implant is characterized by appositional bone growth from the lateral and apical bone walls of the defect.
In a recent publication from our laboratory (Botticelli et al. 2003) , a model was described which allowed the study of bone formation adjacent to endosseous implants. In this model, prior to implant installation, a large defect was prepared in the marginal bone compartment of the recipient site. In biopsies obtained after 4months of healing, it was observed that the defects had been filled with newly formed bone. In addition, the degree of bone-to-implant contact that had been established between the newly formed bone tissue and the implant [sandblasted, largegrit, acid-etched (SLA) surface] was high and not different from that characterizing similar implants placed in a recipient site with sufficient dimensions of the alveolar bone crest.
In a review paper, Davies (1998) de-scribed 'mechanisms of endosseous integration' and suggested that there are two different phenomena by which bone can become juxtaposed to an implant surface, namely (i) distance osteogenesis, in which new bone reaches the implant surface through appositional growth from the existing peri-implant bone, and (ii) contact osteogenesis or osteoconduction, in which de novo bone formation occurs directly on the implant surface. Davies (1998) further suggested that an implant with a roughened surface, as opposed to an implant with a smooth surface, may 'promote osteoconduction by both increasing available surface area for fibrin attachment and by providing surface features with which fibrin could become entangled'. The aim of the present experiment was to study some aspects of de novo bone formation as well as aspects of modeling, remodeling and osseointegration in marginal defects adjacent to submerged titanium implants designed with a SLA surface.
Material and methods
The study protocol was approved by the Regional Ethics Committee for Animal Research.
Four 1-year-old Labrador dogs were included in the experiment. During surgical procedures the animals were sedated (thiopentone; 2.5% solution, 20 mg/kg intravenously), intubated, and anesthetized with halothane (0.5-2.0%) and N 2 O:O 2 (1:1).
In the four dogs, all mandibular pre- molars and 1st molars were extracted. After 3months of healing, implant installation was performed. A crestal incision was made in the premolar-molar region of the right side of the mandible. Full-thickness mucoperiosteal flaps were elevated. Four experimental sites (R 1 , R 2 , R 3 , and R 4 ) were identified in the 2nd premolar to 1st molar region. The surgical preparation of the sites was performed according to the manual of the ITI A system (Straumann AG, Waldenburg, Switzerland).
Pilot, twist drills and length-coded tapping devices were used to prepare each recipient site for an implant 10mm in length and 3.3mm in diameter. The implants used were custom-made and designed with a SLA surface (Straumann AG, Waldenburg, Switzerland).
In sites R 1 (right jaw; mesial position) and R 3 (Fig. 1) implant installation was performed without further ostectomy (control sites). In the remaining two sites (R 2 and R 4 ; test sites), a specially designed step drill was used to widen the marginal 5mm of the canal. Thus, following the placement of the implant in a test site, a well-defined circumferential gap (Fig.2) , 1-1.25 wide and 5mm deep, was present in the marginal compartment of the recipient site. Titanium healing caps were subsequently attached to the implants (Fig.3) . A barrier membrane (BioGide A , Geistlich, Wolhusen, Switzerland) was used to cover the defect in the test sites. In the control sites no membranes were placed. The flaps were replaced and sutured to submerge all implants.
The sutures were removed after 2weeks. Fig.2 . Schematic drawing illustrating one test and one control site. In the test site, the defect was 5mm deep and the distance between the implant surface and the bone walls varied between 1 and 1.25 mm.
One month after the first surgery, an identical procedure, including site preparation and implant installation, was performed in the left side of the mandible. Sites L 2 and L 4 were selected as test units and L 1 and L 3 served as controls (Fig. 1) . After 2weeks of healing the sutures were removed.
Two months following the first implant installation procedure, all four animals were sacrificed with an overdose of pentothal sodium (Abbot Laboratories, Chicago, IL) and were perfused with a fixative (Karnovsky 1965) through the carotid arteries. The mandibles were removed and block biopsies of each test and control site were dissected using a diamond saw (Exakt A , Apparatebau, Norderstedt, Germany) and placed in the fixative. Specimens representing 1 and 2months of healing were thereby obtained.
The tissue blocks from sites R 3 , R 4 , L 3 and L 4 ( Fig.1) were prepared for ground sectioning according to Donath & Breuner (1982) and Donath (1988) . The specimens were dehydrated in ethanol, embedded in methacrylate (Technovit A 7200 VLC-resin, Kulzer, Friedrichsdorf, Germany), and cut in one mesio-distal and one buccal-lingual plane using a diamond saw (Exakt A ). From each implant site, two central sections, prepared from both the bucco-lingual and the mesio-distal planes, were harvested and reduced to a final thickness of about 20mm by microgrinding and polishing using a cutting-grinding device (Exakt A ). The sections were stained in toluidine blue (Donath 1993) .
The tissues sampled from sites R 1 , R 2 , L 1 and L 2 were decalcified in EDTA and processed using a fracture technique described by Berglundh et al. (1991 Berglundh et al. ( , 1994 . Before the decalcification was completed, cuts were made through the entire implant tissue until contact was made with the implant. The cuts were performed parallel with the long axis of the implant and placed in such a way that mesio-buccal, mesio-lingual, distobuccal and disto-lingual portions of the tissue block could be separated from the implant. Decalcification was completed in EDTA. The soft tissue portions were dehydrated in ethanol, embedded in paraffin and sectioned with the microtome set at 5mm. The sections were stained in hematoxylineeosine. Five sections, representing the central part of each of the four separated por- tions, were selected and used in the histological examination.
Histological examination
The examinations were made in a Leitz DM-RBE A microscope (Leica, Wetzlar, Germany).
The following examinations were performed in both the ground and paraffin sections.
O The distance (M-B) between the implant margin (M) and the most coronal level of contact between bone and implant (B).
O The distance between the front of the newly formed bone and the implant surface, evaluated at three levels of the defect area. O Morphometric measurements regarding the composition of the tissue in the 'defect' region (test and control). A lattice comprising 100 light points (Schroeder & Münzel-Pedrazzoli 1973) was superimposed over the tissue at a magnification of ¿200 and the percentage area occupied by lamellar bone, woven bone and non-mineralized structures was determined.
Further, the degree of bone-to-implant contact (BIC percentage) in the zone between B and the bottom of the defect (D), and in the apical 5mm of the implant, was evaluated in the ground sections.
Results

Control sites
Healing after 1 month
The bone tissue surrounding a control implant representing 1month of healing following traditional implant installation is illustrated in Fig.4(a) . The dotted frame describes the dimensions of an area identical to the marginal defect prepared in the test sites. A higher magnification view of the tissue within the coronal frame illustrated in Fig.4(a) , i.e. the marginal portion of the 'defect' area, is presented in Fig.4 (b). The tissue in this area exhibited obvious signs of remodeling. A thin layer of apparently newly formed bone was found to be in direct contact with the SLA surface. Lateral to this layer, large areas of woven bone (dark blue) were seen to be continuous with old bone tissue (light blue). In the non-mineralized tissue, a large number of adipocytes and vascular structures could be seen. The tissue at the base of the 'defect', illustrated by the more apical framed area in Fig.4 (a), is depicted in more detail in Fig.4 (c). Also in this area of the 'defect' there were obvious signs of remodeling and newly formed bone was found on the implant surface. The histometric measurements revealed that the distance between the margin (M) of the implant and the most coronal level of contact between bone and implant (B) was 0.44∫0.30mm (Table1).
The degree of bone-to-implant contact (BIC percentage; Table2) in the 'defect' region of the control site after 1month of healing was 75.2∫11.0%. The corresponding value in the apical 5mm of the implant was 81.2∫8.9% ( Table 2) .
The tissue in the marginal portion of this implant site, i.e. the tissue enclosed within the dotted frame in Fig.4(a) , was comprised of 42.4∫5.7% lamellar bone, 9.3∫1.0% woven bone and 48.3∫4.7% non-mineralized tissues ( Table 3) .
Healing after 2 months
The tissue in the zone next to the implant appeared also in the 2-month sections to be undergoing a process of remodeling. This was illustrated by the large number of secondary osteons present in the tissue immediately lateral to the SLA surface. Also, in more lateral areas of the 'defect' region, there were marked signs of remodeling and lamellar bone formation. The non-mineralized tissue included large numbers of adipocytes and vascular structures.
The distance between the margin (M) of the implant and the most coronal level of contact between bone and implant (B) was 0.62∫0.19mm (Table1).
The degree of bone-to-implant contact (BIC percentage; Table2) in the 'defect' region of the control site after 2months of healing was 82.4∫8.8%. The corresponding value in the apical 5mm of the implant was 85.3∫11.8% (Table2).
The composition of the tissue within the 'defect' area of the control sites after 2months of healing is presented in Table3. The proportion of lamellar bone was 49.5∫11.4% while the percentage of woven bone and non-mineralized tissues was 4.9∫1.4 and 45.6∫11.1%, respectively.
Test sites (defect)
The border between the newly formed tissue in the defect and the old bone is identified in a ground section presented in Fig.5(a) (arrows) . The woven bone was in the apical and lateral aspects of the defect continuous with the old bone. In addition, at the base of the defect the immature bone appeared to be in direct contact with the SLA surface (Fig.5b) .
The distance between the margin (M) of the implant and the most coronal level of contact between bone and implant (B) was 3.24∫0.45mm (Table1). This indicates that the height of the newly formed bone in contact with the implant surface within the defect was about 1.7-1.8mm.
The degree of bone-to-implant contact (BIC percentage; Table2) of the newly formed bone was 64.4∫20.1%. The corresponding value in the apical 5mm of the implant was 68.8∫24.8% (Table2).
The distance between the front of the newly formed bone and the implant surface was, at this examination interval, on average 0.36∫0.07mm.
The tissue in the defect region was made up of 32.1% mineralized tissue (32.1∫3.9% woven bone and no lamellar bone) and 67.8∫3.9% non-mineralized tissue (Table3).
In the paraffin sections (Fig.6a) it was observed that the bone trabeculae extended 5 | Clin. Oral Impl. Res. 14, 2003 / 1-9 from the lateral walls of the defect towards the implant surface. The outer borders of the newly formed bone were lined by osteoblasts ( Fig.6b; arrows) . The non-mineralized tissue between the newly formed bone and the implant (Fig.6c) was rich in vascular structures, fibroblasts and fibers. Further (Fig.6c) , immediately lateral to the SLA surface, a zone of dense connective tissue, about 50mm wide, was identified. This tissue contained a multitude of cells and collagen fibers, most of which ran parallel to the implant surface.
Healing after 2 months
A comparatively large portion of the SLA surface was in direct contact with bone (Fig.7a,b) after 2months of healing. Newly formed bone could be seen between the threads of the implant in the apical portion of the defect.
The distance M-B was on average 1.93∫0.31mm (Table1). This indicates that the length of the zone of osseointegration at the base of the defect was about 3-3.1mm.
The degree of bone-to-implant contact (BIC percentage; Table2) in the newly formed bone after 2months of healing was 64.2∫15.0%. The corresponding value in the apical 5mm of the implant was 69.7∫13.1% (Table2).
The distance between the front of the newly formed bone and the implant surface was on average 0.22∫0.03mm.
The morphometric analysis of the sections revealed that the previous defect space at this examination interval was occupied by 46.9% mineralized bone (0.8∫0.8% lamellar bone and 46.1∫4.8% woven bone) and 53.1∫4.1% non-mineralized tissue (Table3).
The lamellar bone was found mainly in the periphery of the defect where the old bone, i.e. the wall of the defect, also exhibited marked signs of remodeling.
The non-mineralized tissues present between the newly formed bone and the implant surface had in the paraffin section (Fig.8a ) the character of a 'provisional connective tissue'. In the periphery of the defect area, adipocytes were occasionally found within the non-mineralized compartment.
The surface of the woven bone lateral to the implant was lined with a number of osteoblasts (Fig.8b) . A 50-mm-wide zone of dense connective tissue located immediately lateral to the SLA surface, similar to that observed after 1month of healing, was also identified. This zone was at 2months confined to a more coronal position than at 1month and was comprised of fibers running mostly parallel to the implant surface.
Discussion
The findings of the present experiment revealed that surgical procedures and implant installation in the control locations resulted in a series of bone tissue alterations within the recipient site which A layer of connective tissue is present in the coronal portion of the defect. As a result of the remodeling processes, the original periphery of the defect is not easily detectable and fingerlike projections of woven bone cross the area from the defect wall to the implant surface. (b) Larger magnification of the area shown in (a) (¿100). The woven bone facing the nonmineralized tissue next to the implant harbors large numbers of osteoblasts. The non-mineralized tissue within the defect contains a multitude of cells and vascular structures which are surrounded by fibers and cells that seem to be in continuity with the neighboring woven bone (blue arrows). Note the dense connective tissue in direct contact with the implant surface (red arrows).
eventually allowed newly formed bone to establish contact with the SLA surface. It was also observed that the marginal defect lateral to the implant in the test locations gradually became filled with newly formed bone. De novo bone formation started within the walls of the surgically prepared defect. Bone-to-implant contact was first established in the apical portion of the gap. This new bone tissue was in the coronal direction continuous with a dense, nonmineralized 'implant attached' soft tissue which, over time, also became mineralized and, hence, the height of the zone of boneto-implant contact was increased.
Bone remodeling in control sites
Ostectomy and implant installation resulted in marked tissue alterations within the bone of the recipient site. Thus, within a 1-mm-wide zone lateral to the implant, there were in sections representing 1month of healing obvious signs of modeling, including de novo bone formation. In the current study, it was observed that after only 1month a continuous layer of newly formed bone had been laid down on the SLA surface. Not only could this new bone formation be observed in the cortical region, i.e. in the marginal zone of the recipient site, but a thin rim of newly formed bone apparently covered most of the SLA surface in the bone marrow compartment. This suggests that the injury of the bone marrow, caused by the ostectomy procedure, initiated a process of wound healing the end result of which was hard tissue formation at the implant surface. After 2months of healing, this bone demonstrated remodeling processes in many areas, marginal as well as apical.
De novo bone formation in the defect
A large portion of the 'self-contained' marginal defect monitored in the current experiment was filled after 1month of healing with newly formed woven bone. Mineralized bone tissue was, however, virtually absent in a coronal segment of the gap immediately lateral to the implant. This wedge-shaped segment was about 3.2mm in height, had an average width of about 0.4mm and contained a soft tissue that resembled a 'late granulation tissue', rich in thin-walled blood vessels and cells (Araù jo et al. 1999) . These findings suggest that in this experiment bone formation started from the walls of the defect and expanded into the gap. This pattern of bone formation is consistent with what has been coined 'distance osteogenesis' or ap-positional bone growth (Davies 1998). Some basic features of such appositional bone growth were described in detail by Amler (1969) and Schenk et al. (1994) .
In the defect area of the paraffin sections representing 1 and 2months of healing in the present study, a zone of dense connective tissue was found immediately lateral to the implant surface. The apical part of the dense connective tissue at 1month was, in the 2-month material, replaced by mineralized bone that was in direct contact with the implant. It may therefore be assumed that this tissue lateral to the implant surface is under mineralization.
This was found in a previous study by Anneroth et al. (1985) . They installed implants in fresh extraction sockets in monkeys and performed histological and microradiograph evaluations after 7 and 12weeks of healing. The bone adjacent to the implant surface was found to be immature after 7weeks of healing, and the microradiographs exhibited a certain degree of radiopacity, i.e. mineralization. After 12weeks of healing, the bone adjacent to the implant was mature and the microradiographs revealed that the mineralization of this tissue had increased to the same degree as the surrounding bone.
The present study indicates that 'distance osteogenesis' is most likely followed by 'contact osteogenesis' once the newly formed bone has reached a certain distance from the implant during healing of the defect (Davies 1998).
In specimens representing this early phase of healing, the newly formed bone appeared to have a haphazard orientation, i.e. the tissue had an isotropic structure. This type of immature bone tissue was originally described by Murray (1936) and was termed 'primary spongework', later called 'primary bone spongiosa' (Amler 1969; Schenk et al. 1994; Araù jo et al. 1999) .
In biopsies taken after 1month of healing, a loose connective tissue was found to be present between the trabeculae of the woven bone and the implant surface. This tissue was rich in vascular structures, and the bone trabeculae that were lined with large numbers of osteoblasts were apparently formed next to the 'sprouting' blood vessels. These findings are consistent with previous observations in human trials and animal experiments (e.g. After 2months of healing, a larger portion of the defect was filled with bone tissue, the major portion of which had the character of woven bone. The wedge-shaped soft tissue segment next to the SLA surface was at this stage about 1.9mm long and 0.25mm wide, i.e. had been markedly reduced in size in the interval between 1 and 2months.
In the central and implant-related portions of the defect space, the trabeculae of woven bone continued to maintain an isotropic orientation. This observation is in agreement with findings reported by Araù -jo et al. (1999) . They studied bone formation in surgically produced, 4¿3mm, membrane-protected furcation defects in dogs. They found that the major portion of the furcation after 2months of healing contained a primary bone spongiosa 'which included bone trabeculae with primary osteons in different stages of development'.
The soft tissue that resided between the trabeculae of woven bone contained a multitude of large blood vessels that, according to Schenk et al. (1994) , probably originated from vascular structures in the bone marrow of the defect walls. Such vascular sprouts were incorporated in the new boneforming tissue during the establishment of the primary bone spongiosa. In the lateral borders of the defect, however, small areas could be identified that harbored adipocytes. Further, in these lateral locations small amounts of lamellar bone with secondary osteons had formed.
This indicates that, while modeling continued to occur in the advancing front of the new bone, remodeling had started in more lateral areas.
In a previous publication (Botticelli et al. 2003) , in which a similar experimental design was used, we found that after 4months of healing this remodeling had become more advanced, as indicated by the large amount of lamellar bone that had formed at this later interval. Similar observations were made in an animal experiment by Cochran et al. (1998) . It was demonstrated that remodeling processes were 'fully occurring' already after 3months of healing of a 200-mm-wide gap that occurred between the bone wall and the screw threads of an implant with a SLA surface.
Osseointegration
In specimens representing 1month of healing of the test sites, it was observed that woven bone had been laid down on the SLA surface in the apical portion of the defect. The height of this zone of 'osseointegration' was about 1.7mm. Coronal to this area of bone-to-implant contact an 'implant-attached' soft tissue could be seen. This dense tissue was (i) continuous with the primary spongiosa, (ii) about 50mm wide and (iii) rich in collagen fibers. In the 2-month specimens, the zone of 'osseointegration' had increased in height (from about 1.7mm to about 3.1mm) while the 'implant-attached' connective tissue had become correspondingly shorter. These findings suggest that this condensed connective tissue (i) represents an extension of the primary spongiosa, and (ii) may be regarded as an osteoid which during continued modeling will transform into woven bone and establish bone-to-implant contact. A similar 'root surface-related' tissue was reported by Araù jo et al. (1997) to occur early during healing of furcation defects in dogs. In their study, this 'root surface-related' tissue clearly promoted the formation of reparative cementum with inserting collagen fibers which separated the dentin surface from the expanding bone tissue.
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Résumé
Dans une étude précédente, il a été démontré qu'une lésion marginale importante autour d'un implant pouvait guérir avec un haut degré d'ostéoïntégration. L'expérience présen-te a été effectuée pour évaluer le degré et la qualité de cette néoformation osseuse et de l'ostéïntégration dans des lé-sions marginales adjacentes à des implants en titane submergés. Toutes les prémolaires mandibulaires et premières molaires ont été avulsées chez quatre chiens labrador. Quatre sites expérimentaux ont été identifiés du cô té droit.
Dans deux sites, des implants classiques avec une surface SLA ont été placés sans ostectomie future (sites contrô les)
. Dans les deux sites restants (sites tests), un foret spéciale-ment conçu à cet usage a été utilisé pour élargir les cinq derniers millimètres de la partie marginale du canal. Une membrane barrière a été placée pour recouvrir les implants au niveau des sites avec lésion. Tous les implants ont été enfouis. Un mois plus tard un processus semblable a été effectué incluant la préparation du site et le placement des implants au niveau gauche de la mandibule. Deux mois après le placement des premiers implants, des biopsies ont été prélevées et préparées pour l'analyse histologique. L'ostectomie et le placement des implants dans le site contrô le ont résulté en une série d'altération tissulaire osseuse qui ont permis finalement une néoformation osseuse autorisant un contact avec la surface SLA. La lésion marginale en latéral de l'implant dans les sites tests se remplissait graduellement avec du nouvel os. Cette néoformation osseuse débutait à l'intérieur des parois de la lésion préparée chirurgicalement. Le contact os-implant était établi en premier dans la partie apicale du trou. Cette néoformation osseuse s'établissait en direction coronaire continue avec un tissu mou non-minéralisé attaché à l'implant qui avec le temps se minéralisait, augmentant ainsi la hauteur de la zone de contact os-implant. La guérison du'une lésion marginale importante autour d'un implant est donc caractérisée par la croissance osseuse d'apposition depuis les parois latéra-les et apicales de la lésion. 
Resumen
Antecedentes: En un experimento previo se demostró que un defecto marginal ancho alrededor de un implante puede cicatrizar con un alto grado de osteointegració n.
Objetivo: El presente experimento se llevó a cabo para evaluar el grado y la calidad de la formació n ó sea de nuovo y la osteointegració n en defectos marginales adyacentes a implantes sumergidos de titanio. Material y métodos: Se extrajeron todos los premolares y primeros molares en 4 perros Labrador. Se identificaron cuatro lugares experimentales en el lado derecho de la mandíbula. En 2 lugares se instalaron implantes hechos a medida con una superficie SLA sin osteotomía posterior (lugares de control). En los 2 lados restantes (lugares de prueba), se uso una fresa especialmente diseñ ada para ensanchar el margen a 5 mm del canal. Se colocó una membrana de barrera para cubrir los implantes en los lugares con defectos. Todos los implantes estaban sumergidos. Un mes después se llevó a cabo un procedimiento idéntico, incluyendo preparació n del lugar e instalació n del implante en el lado izquierdo de la mandíbula. Dos meses después del procedimiento de instalació n del primer implante, se recolectaron biopsias y se prepararon para seccionar. Resultados: La osteotomía y la instalació n del implante en el lugar de control resultaron en una serie de alteraciones del tejido ó seo que eventualmente permitió que hueso neoformado entrase en contacto con la superficie SLA. El defecto marginal lateral al implante en los lugares de prueba se rellenaron gradualmente con hueso neoformado. La formació n del hueso de novo comenzó entre las paredes del defecto preparado quirú rgicamente. El contacto hueso implante se llevo a cabo inicialmente en la porció n apical del hueco. Este nuevo tejido ó seo fue continuo en direcció n coronal con un tejido blando denso, no mineralizado adherido al implante que también se mineralizó a lo largo del tiempo para aumentar la altura de la zona de contacto hueso a implante. Conclusió n: Se sugiere que la cicatrizació n de un defecto marginal ancho alrededor de un implante se caracteriza por el crecimiento aposicional de hueso desde las paredes laterales y apicales de hueso del defecto. 
